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The existence of surface nanobubbles has been previously suggested using various experimental
techniques, including attenuated total reflection spectroscopy, quartz crystal microbalance, neutron
reflectometry, and x-ray reflectivity, but all of these techniques provide a sole number to quantify
the existence of gas over (usually) hundreds of square microns. Thus ‘nanobubbles’ are indistin-
guishable from a ‘uniform gassy layer’ between surface and liquid. Atomic force microscopy, on the
other hand, does show the existence of surface nanobubbles, but the highly intrusive nature of the
technique means that a uniform gassy layer could break down into nanobubbles due to the motion
of the microscope’s probe. Here we demonstrate optical visualisation of surface nanobubbles, thus
validating their individual existence non-intrusively.
PACS numbers:
Surface nanobubbles [1, 2] are nanoscopic gaseous ob-
jects on immersed mainly hydrophobic surfaces which
can survive for days, in contrast to classical expectation.
However, up to now they have only been individually
imaged through atomic force microscopy (AFM) [3, 4],
whereby an immersed nanometric probe is rapidly tapped
against a solid surface. This of course leads to the ob-
vious question: Do we see surface nanobubbles because
of the highly intrusive measurement technique, and not
because they occur naturally? This may seem a moot
point – the existence of surface nanobubbles can also be
inferred from attenuated total reflection infra red spec-
troscopy (ATR-IR) [5], quartz crystal microbalance [6, 7],
neutron reflectometry [8, 9], and x-ray reflectivity [10],
so surely they do naturally occur? The problem with
all of these latter techniques is that they provide a sin-
gle number to quantify the thickness of a gassy layer at
the immersed near-wall region, which is a spatial average
of several hundred square microns. This is much larger
than the 10−2 µm2 footprint area of an individual sur-
face nanobubble, so the results of these techniques may
also be (and often is) interpreted as a uniform gassy layer
trapped between the substrate and liquid. Bringing in a
rapidly vibrating nanoscopic probe could actually lead to
the break down of a uniform gassy layer into nanobub-
bles, as the negative pressure divergence during each re-
traction (often at ∼ 104 Hz) causes nucleation and gas
accumulation.
The necessity for new techniques that can provide evi-
dence for nanobubble existence is clear, but every new di-
rection taken so far has not offered individual bubble res-
olution and thus is open to a similar bi-interpretation as
given above. To show conclusively that surface nanobub-
bles naturally occur, i.e. not because of the intrusive
AFM probe, we return to the good old adage of see-
ing is believing. Thus, in this Letter we use the non-
intrusive technique of optical interference-enhanced mi-
croscopy [11, 12] to demonstrate the existence of surface
nanobubbles.
We begin by describing the experimental method. For
the substrate, we used a fluorinated silicon substrate,
made hydrophobic through vapour deposition of perfluo-
rodecyltrichlorosilane (PFDTS). Nanobubble nucleation
was achieved using the ethanol-water exchange: Follow-
ing the method of Ref. [13], the surface was initially wet-
ted with ultra pure water in order to take a background
image. This was then replaced with ethanol as the first
step in the exchange procedure. The final step was then
to switch the liquid back to ultra pure water once more,
thus allowing the proceeding exothermic chemical ex-
change to lead to bubble nucleation on the substrate.
In all cases, the ultra pure water was provided by a Sim-
plicity 185 system (Millipore, France) and the ethanol
was 99.9 % pure (analysis grade). In each step of the ex-
change the liquid volumes and flow rates were typically
1 mL and 10µL/s, respectively.
Visualisation was achieved using optical interference-
enhanced microscopy [11]. In this, the interference con-
trast of nanobubbles was enhanced by using silicon wafers
with an artificially grown oxide layer of 300 nm (Silchem,
Freiberg, Germany), instead of the ‘usual’ native oxide
layer of only 2 nm. Light passes through the water, the
nanobubbles, the PFDTS, and the oxide layer, before
being reflected back off the silicon wafer beneath. This
can then interfere with light which has been reflected di-
rectly off the top of the nanobubbles (see Fig. 1). By the
additional oxide layer (in combination with a properly se-
lected wavelength), the phase difference of the interfering
beams is shifted to achieve maximum contrast. The still
poor contrast signal is observed by a high signal-to-noise
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FIG. 1: (color online) Schematic diagram of the opti-
cal interference-enhanced microscopy technique. The opti-
cal path length (which leads to the interference fringes) is
enhanced by the double traverse through the 300 nm silicon
oxide layer, which allows nanometrically-high near-wall layers
to be visualised.
ratio camera (Pike 100B, AVT Inc.) and further ampli-
fied by online image processing (background subtraction
and oversampling, homemade software). Backround im-
ages were recorded with the substrate surface in focus,
with degassed water (i.e. without nanobubbles). Images
showing nanobubbles were purposefully recorded with a
slightly shifted substrate (∼ 1µm), so that surface arte-
facts/defects are visible as dark/bright paired features.
In order to validate the objects in the optical images
as surface nanobubbles, the same nucleation procedure
on the same substrate was carried out within our Agi-
lent 5100 atomic force microscope, which we operated in
tapping mode using 4.5 N/m, 10 nm NSC probes (Mikro-
Masch, dry resonance of 150 kHz). The image size was
60µm × 60µm to match the field of view of the optical
technique.
Surface nanobubbles are optically accessible – Typical
images of the PFDTS surface are shown at various stages
of the ethanol/water exchange in Fig. 2 from both the
optical technique (Fig. 2 A–D) and the AFM (Fig. 2 E–
H). No surface nanobubbles were detected under ethanol
(Fig. 2 A&E), which is in good agreement with the liter-
ature (nanobubbles have only ever been found with H2O
as the liquid [1, 2]). As soon as water was introduced
into the system and the ethanol flushed out, the surface
images changed to those in Fig. 2 B&F. Several small
circular objects had appeared, two of which are encircled
in the optical image Fig. 2 B in order to highlight them
from the white noise background (surface defects are also
evident in Fig. 2 B, which all have ‘black’ shadows as a
result of background substraction – we point two of these
defects out with white arrows). The surface nanobubbles
are much more distinguishable in the AFM image (Fig. 2
F), which is due to the differing levels of spatial reso-
lution offered by the two techniques, specifically in the
lower cut-off. The optical technique is limited to objects
larger than 120 nm, whilst the current AFM image has a
lateral minimum resolution of 5µm/512 pixels = 9.8 nm.
We zoom into 5µm×5µm areas in Fig. 2 C&G. Now the
optical image of the nanobubble is much clearer, again
highlighted with the circle. In order to better show the
nanobubbles on the full 60µm × 60µm fields of view,
we filter out the noise and binarise both the optical and
AFM images to give Fig. 2 D&H. Again, it is obvious that
the AFM image contains many more surface nanobubbles
than the optical image (the ones below the optical reso-
lution), but it is also clear that the AFM image contains
several larger nanobubbles consistent with those seen in
the optical image.
At this point we can state that the circular features de-
tected with our optical technique appear similar to those
measured with AFM using the same nucleation method
on the same surface, which is also a standard nucleation
method [4, 14] and surface [15] used in the nanobubble
community (the results of which are indeed interpreted
as surface nanobubbles).
The optical and AFM statistics are comparable – To
further demonstrate that the optically-observed features
are indeed surface nanobubbles, we proceed by plotting
their relative size distributions in Fig. 3 for both the opti-
cal and AFM techniques. The AFM-measured nanobub-
ble size distribution is Gaussian, as shown by the brown
fit, with a peak corresponding to a footprint diameter
of 350 nm. This result from the AFM measurements is
in good agreement with previous statistical measures for
nanobubbles [16, 17]. The optically-measured nanobub-
ble size distribution is also plotted in Fig. 3, shown as the
red diamonds on top of the AFM histogram and Gaus-
sian fit. It is clear that the optical distribution fits well
with the AFM distribution (the left hand side of the op-
tical distribution is right at the limit of the spatial reso-
lution, as shown by the horizontal error bar). Thus, the
circular objects observed with our optical technique are
comparable in size and size distribution to the surface
nanobubbles measured using AFM.
The next statistical set that we measured was the
nearest-neighbour separation, for which we plot the
Gaussian fit of the AFM data as the brown curve and
the optical data set as red diamonds in Fig. 4. The AFM
data set clearly peaks at a much lower inter-bubble sepa-
ration than the optical data set, but this is due to the dif-
ferent minimum spatial resolutions between the two ex-
perimental techniques. Instead, to make a more accurate
comparison, we also plot the nearest-neighbour separa-
tions for a subset of the AFM data, using the exclusion
rule that we only include AFM-measured nanobubbles
with footprint diameters > 450 nm, thus mimicking the
minimum spatial resolution of the optical method. This
subset of the AFM data is plotted as the green histogram
and blue Gaussian fit in Fig. 4. It is again clear that the
optically-measured circular features are truly consistent
with the AFM-measured nanobubbles.
The features are definitely surface nanobubbles – The
32
3
7
,
&
$
/
$
)
0
!"#$%&' ()*+ ȝP]RRP ,-%$.-/01
A B C D
E F G H
ȝP
ȝP
ȝP
ȝP
FIG. 2: (color online) Details of the ethanol/water exchange from both the optical (A-D) and AFM (E-H) techniques. No
nanobubbles were detected in ethanol (A&E), but several small features nucleated once the ethanol had been flushed out with
water (B&F). C&G are 5µm× 5µm zoom-ins to better show the small circular features. D&H are binarised images of B&F to
highlight the nanobubbles on the full 60µm× 60µm fields of view. The white circles are used to show the positions of some of
the nanobubbles in the optical images, whilst the white arrows highlight surface defects.
surface nanobubble community has several standard tests
that can be performed to confirm that the objects they
image with AFMs are indeed ‘bubbles’. The most obvi-
ous test is to purposefully manipulate the nanobubbles
with an AFM probe, either by sweeping the nanobub-
bles away from a certain patch, or by coalescing neigh-
bouring bubbles to increase their sizes. Of course this
test is impossible with the optical method – the entire
purpose of the experiment is to use a non-intrusive tech-
nique! Instead, we performed a series of tests that could
be validated against observations in the literature, which
we feel further validate the optically-measured circular
features as surface nanobubbles (as a direct comparison,
we also carried out the tests with a solution of water
and fatty acids, where the fatty acids created sub-micron
droplets at the solid/liquid interface). Details of these ad-
ditional tests are listed in Table I. Of these, an interesting
measure was of the contact angle. Surface nanobubbles
have peculiar contact angles, in the range >∼ 150 o [18],
which are always much higher than the macroscopic value
(this is actually essential in order for the nanobubbles
to contain Knudsen gas for their stabilising recirculating
stream [19]). We were able to calculate the contact angles
of the largest nanobubbles and the droplets from the opti-
cal images, since these both produced several interference
fringes to allow accurate measurements of their heights.
As expected, the optically-detected objects were found
to have anomalously high contact angles (∼ 160 o) in ac-
cord with the findings of the nanobubble experiments in
the literature. Surprinsgly, the contaminant droplets also
had (liquid side) contact angles of ∼ 160 o. Thus, using
contact angle alone to determine whether an object is a
nanobubble or a contaminant droplet is insufficient.
In conclusion, we used interference-enhanced mi-
croscopy to optically confirm the existence of surface
nanobubbles. In order to validate the circular features
indeed as being surface nanobubbles, we compared the
statistics of their sizes and separations to those from
atomic force microscopy measurements of a similar sur-
face area, with very good agreement. Furthermore, we
carried out a series of validation tests on the optically-
measured surface nanobubbles with comparable results
to those found in the literature.
The fact that our validation method is non-intrusive
settles the on-going debate in the literature as to whether
surface nanobubbles are seen in AFM measurements be-
cause of the highly intrusive nature of the probe dynam-
ics. Thus, surface nanobubbles occur naturally and are
not created through the breakdown of a near-wall uni-
form gassy layer due to an AFM probe.
Whilst the optical technique is limited to detecting
only the largest surface nanobubbles, it clearly provides a
new way forward to uncover nanobubble dynamics. The
method allows for both spatial and temporal resolution.
4TABLE I: Results of the further tests which we carried out to demonstrate that the optically-measured circular features were
surface nanobubbles.
Test Expected nanobubble behaviour Observed behaviour Expected droplet behaviour
Long-time dynamics (∼ t0 + 1 hr) no effect [5] no effect Ostwald ripening
In situ temperature increase (∼ 295+50 K) no effect no effect no effect
In situ temperature decrease (∼ 345 −
50 K)
no effect [20] no effect no effect
Temperature ramp to 373 K boiling boiling no effect
Exchange back to ethanol rapid dissolution (< 0.25 s) [21] rapid dissolution slow dissolution (> 1 min)
Exchange to degassed water slow dissolution slow dissolution no effect
Contact anglesa >∼ 150 o [18] ∼ 160 o ∼ 160 o
aContact angles for the largest nanobubbles were measurable,
since they contained a sufficient number of interference fringes for
accurate heights to be determined
FIG. 3: (color online) Distributions of nanobubble footprint
diameters from the AFM measurements (purple histogram
and brown Gaussian fit) and optical measurements (red dia-
monds). The optically-observed nanobubbles have very com-
parable sizes to the AFM-measured ones in the high-diameter
range of applicability. The error bar indicates the 120 nm spa-
tial resolution limit of the optical technique.
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FIG. 4: (color online) Distributions of nearest-neighbour sep-
arations. The brown Gaussian fit is for the entire AFM data
set. The green histogram and blue Gaussian fit is for the re-
duced AFM data set, considering only nanobubbles with foot-
print diameters > 450 nm. The red diamonds represent the
nearest-neighbour separations for the optical measurement.
The error bar indicates 1µm, which is a good estimate for
the uncertainty of the optical data.
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